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The intraperitoneal 50% lethal dose (LD, for Francisella tularensis LVS in both normal control
heterozygote BALB/c nu/+ mice and BALB/c nu/nu mice was 2 x 10°. Both nu/+ and nu/nu mice given 10’
LVS bacteria or more intradermally (i.d.) died, with a mean time to death of about 7 to 8 days. On the other
hand, nu/+ mice given 10° LVS bacteria or less survived for more than 60 days and cleared systemic bacteria,
while nu/nu mice given 10° LVS bacteria or less survived for more than 10 days but died between days 25 and
30. Thus, the short-term (i.e., <10-day) i.d. LD, of both nu/nu and nu/+ mice was 3 x 10°, but the long-term
(i.e., >10-day) i.d. LD, of nu/nu mice was less than 7 X 10°. The short-term survival of i.d. infection was
dependent on tumor necrosis factor and gamma interferon: treatment of nu/nu mice with anti-tumor necrosis
factor or anti-gamma interferon at the time of i.d. infection resulted in death from infection 7 to 8 days later,
whereas control infected nu/nu mice survived for 26 days. nu/nu mice infected with LVS i.d. generated
LVS-specific serum antibodies, which were predominantly immunoglobulin M: titers peaked 7 days after i.d.
infection but declined sharply by day 21, after which mice died. Surprisingly, nu/nu mice given 10° LVS
bacteria i.d. became resistant to a lethal challenge (5,000 LD,,s) of LVS intraperitoneally within 2 days after
i.d. infection; nu/nu mice similarly infected with LVS i.d. and challenged with Salmonella typhimurium (10
LD,s) were not protected. nu/nu mice given nu/+ spleen cells intravenously as a source of mature T cells
survived i.d. infection for more than 60 days and cleared bacteria. Taken together, these studies demonstrate
that i.d. infection of nu/nu mice with LVS rapidly generates T-cell-independent, short-term, specific protective

immunity against lethal challenge, but T lymphocytes are essential for long-term survival.

Francisella tularensis, the causative agent of tularemia, is
a facultative intracellular bacterium found predominantly in
cold-weather latitudes. Although an attenuated vaccine
strain is available, its success in preventing human disease is
variable (6, 39), and the mechanisms responsible for devel-
opment of protective immunity to F. tularensis are not well
understood (37). Our previous studies using an animal model
demonstrated that the live vaccine strain (LVS) of F. tula-
rensis is quite pathogenic for laboratory mice when intro-
duced intraperitoneally (i.p.): a single bacterium causes a
lethal infection that is similar to human disease (11, 13). The
50% lethal dose (LDso) when LVS is introduced into mice
intradermally (i.d.) at the base of the tail or subcutaneously
(s.c.) in skin or footpads, however, is at least 4 orders of
magnitude higher than the i.p. LDy, (11, 13). Furthermore,
mice that survive sublethal i.d. or s.c. infection and clear
systemic bacteria are immune to subsequent lethal i.p. or
intravenous (i.v.) challenge (11, 13). Spleen cells from such
i.d. infected immune mice are able to passively transfer
protection to naive recipient mice (13). T-cell-depleted
spleen cells were ineffective, suggesting that T cells play an
important role in protective immunity. On the other hand,
protective immunity develops quite rapidly in i.d. infected
mice: within 3 days after initiation of a sublethal i.d. infec-
tion with LVS, mice become able to survive a lethal i.p. LVS
challenge of 10,000 LDss (10). Unlike the results of passive
transfer experiments, this rapid development of immunity is
not consistent with the usual time requirements for the
activation and function of classical T cells (10).
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To directly investigate the role of T cells in Francisella
infection, we examined the course of LVS infection in
congenitally athymic nu/nu (nude) mice, which are severely
T cell immunodeficient (33). Here we show that the initial
survival of Francisella infection by nu/nu mice is T cell
independent but requires endogenous tumor necrosis factor
(TNF) and gamma interferon (IFN-y) (as previously demon-
strated in normal mice [22]). T cells are indeed required for
eventual clearance of bacteria and long-term survival of
infection. Surprisingly, substantial protective immunity that
is T cell independent can be generated rapidly in nu/nu mice.

MATERIALS AND METHODS

Mice. Specific-pathogen-free male BALB/c nu/nu and
BALB/c nu/+ mice, 4 to 5 weeks of age, were purchased
from the Biological Resources Branch, Frederick Cancer
Research and Development Center, National Cancer Insti-
tute, Frederick, Md., and housed in barrier facilities until
used at 6 to 10 weeks of age. Before being used, all mice
were quarantined for 1 week after transportation and were
then age matched within an experiment. Sentinel mice were
routinely screened serologically for evidence of various
infections and consistently found to be negative. Spleen cells
from sentinel nu/nu mice from 6 to 15 weeks of age were
tested for evidence of peripheral T-cell development by
using a panel of directly fluoresceinated anti-CD3, anti-CD4,
and anti-CD8 monoclonal antibodies. No detectable levels
(above background) of CD3*, CD4*, or CD8" spleen cells
were observed at any of these ages; however, only mice 10
weeks of age or younger were used here, to minimize the
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possible contributions of the small numbers of mature T cells
often observed in older nu/nu mice (19).

Bacteria. F. tularensis LVS (ATCC 29684) was obtained
from the American Type Culture Collection, Rockville, Md.,
and cultured in either supplemented Mueller-Hinton broth in
a 37°C air shaker or on modified Mueller-Hinton agar plates
in a humidified 37°C incubator with 5% CO, (13). Stock
cultures of LVS were grown to stationary phase overnight in
broth from a single isolated colony, and aliquots were frozen
in broth (without the addition of glycerol) at —80°C. Viable
CFU after freezing were determined by a plate count of
serial dilutions. Salmonella typhimurium W118 was a gift of
Samuel Formal (Walter Reed Army Institute of Research).
W118 was propagated in either L broth or on L agar plates
and similarly frozen without the addition of glycerol. For the
inoculation of mice, bacterial cultures were thawed immedi-
ately before use and diluted appropriately in phosphate-
buffered saline (PBS); actual numbers of bacteria (CFU)
inoculated were confirmed by plate counts at the time of
injection.

Inoculations. Mice were given doses of LVS as indicated
either i.p., i.v. via the lateral tail vein, or i.d. at the base of
the tail. Survival was monitored for 60 days. The LDs, of the
mice was determined by inoculation of groups of five to six
mice with doses of bacteria covering a 5-log range and
calculated by the method of Reed and Muench (34).

Estimation of bacteria in organs. At various times after
infection with 10* LVS bacteria i.d., mice were euthanatized
by cervical dislocation. Peritoneal fluid was recovered by the
injection of 5 ml of sterile PBS into the exposed peritoneal
cavity and the withdrawal of fluid; generally, 3 to 4 ml of
fluid was recovered. Spleens, livers, and lungs were re-
moved aseptically and homogenized (Stomacher 80; Seward
Medical, London, United Kingdom) in sterile PBS. Cells
were lysed after homogenization by the addition of sodium
dodecyl sulfate (final concentration, 0.05%), and the num-
bers of bacteria were determined by a plate count of appro-
priately diluted samples of each tissue. The results are
expressed as the log geometric mean CFU per organ, plus or
minus standard error, for groups of three mice.

Treatment of mice with anticytokine antibodies. To deplete
circulating cytokines in vivo, we treated mice with a single
i.p. dose (250 ng) of either purified monoclonal anti-TNF
(TN3) (36), monoclonal anti-IFN-y (H22) (35), or control
polyclonal hamster immunoglobulin G (IgG) (Organon
Teknika Corp., West Chester, Pa.). Immediately after inoc-
ulation of antibody, mice were given 10* LVS bacteria i.d.,
and survival was monitored for 60 days thereafter. These
doses of monoclonal antibodies were sufficient to change the
i.d. LDy, from about 5 x 10* LVS bacteria in normal
untreated mice to about 1 X 10' bacteria in anti-TNF or
anti-IFN-y-treated mice (22).

Reconstitution of athymic nu/nu mice with normal nu/+
splenocytes. To infuse T-cell-deficient nu/nu mice with a
source of normal T cells, we prepared single-cell suspen-
sions from spleens of normal immunocompetent nu/+ het-
erozygote mice. Erythrocytes were lysed by treatment with
ammonium chloride, and the cell suspensions were counted
by using trypan blue. Viable spleen cells (108 per mouse)
were transferred into age-matched recipient BALB/c nu/nu
mice i.v. via the lateral tail vein. Aliquots of the single-cell
suspensions were analyzed for lymphocyte distribution by
flow cytometry, and cells were found to be approximately
55% IgM*, 43% CD3*, 32% CD4*, and 11% CD8"*.

Analysis of antibody response to LVS in nu/nu and nu/+
mice. Serum samples, obtained at various time points after
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TABLE 1. LDs, values after i.p. or i.d. infection with
F. tularensis LVS*

Mouse strain i.p. LDsg lglg" (‘i);;sﬁ‘ ;‘iolé]:;gca;
BALB/c nu/nu 2 x 10° 3 x 10° <7 x 10°
BALB/c nu/+ 3 x 10° 3 x 10° 3 x 10°

4 Groups of five or six mice of the indicated strains were inoculated i.p. or
i.d. with doses of LVS ranging from 10° to 107 bacteria; actual inoculation
doses were confirmed by a plate count at the time of inoculation. Survival was
monitored daily for 60 days. LD, values were calculated by the method of
Reed and Muench (35). These values were representative of at least three
LDs, determinations for each combination of route and mouse strain.

& LD, values calculated by using mortality rates through day 10 after i.d.
infection.

€ LDsq values calculated by using mortality rates through day 60 after i.d.
infection.

4 Five of five BALB/c nu/nu mice given 7 X 10° LVS bacteria i.d. died with
a mean time to death, plus or minus standard error, of 38.3 + 1.6 days.
BALB/c nu/+ mice given LVS bacteria i.d. which survived more than 7 days
also survived until the experiment was terminated at 60 days.

i.d. infection with 10* LVS bacteria via tail bleeds, were
characterized for their content of anti-LVS-specific antibod-
ies by enzyme-linked immunosorbent assay (ELISA). Live
LVS (5 x 10° bacteria per well) suspended in bicarbonate
buffer (pH 9.0) was adsorbed overnight onto Immunlon 1
plates (Dynatech, Chantilly, Va.). The plates were then
washed and blocked by the addition of 10% calf serum and
reacted with twofold dilutions of serum samples. Antibody
was detected by the addition of either enzyme-labelled goat
anti-mouse immunoglobulin antibody (which reacts with
mouse IgM and IgA, and all isotypes of IgG), or with
enzyme-labelled isotype-specific antibodies (Southern Bio-
technology, Birmingham, Ala.). The specificity and sensitiv-
ity of all reagents were optimized in separate experiments.
The endpoint titer was arbitrarily defined as the lowest
dilution of serum that gave an optical density value at 405 nm
that was twofold greater than the value of the matched
dilution of normal prebleed mouse serum and also greater
than 0.050 optical density unit. Geometric mean titers were
calculated from individual assays of sera from three to five
mice and are presented as the antilog of the mean. Standard
errors are omitted for clarity but were less than 10%.

RESULTS

Infection of BALB/c nu/+ and nu/nu mice with F. tularensis
LVS. To examine the ability of T-cell-deficient BALB/c
nu/nu mice to survive LVS infection, we infected nu/nu mice
and their normal heterozygote nu/+ littermates with various
doses of LVS either i.p. ori.d. The i.p. LDs, for both normal
nu/+ mice and immunodeficient au/nu mice was quite low,
approaching a single bacterium (Table 1). All nu/+ and nu/nu
mice infected with LVS i.p. died between 3 and 6 days after
infection, regardless of dose. In contrast, the course of i.d.
infection in the two strains was quite different. The i.d. LDy,
in BALB/c nu/+, similar to that previously observed in other
normal mice (11, 13), was 3 x 10° (Table 1). All normal mice
which succumbed to i.d. infection died 6 to 9 days after
infection, while survivors lived for more than 60 days. On
the other hand, BALB/c nu/nu mice that were infected with
high doses (107 or more) of LVS i.d. died within 7 to 9 days
after infection, while those that received lower doses (10° or
less) of LVS i.d. died between 15 and 30 days after infection.
An example of the mortality pattern of nu/+ and nu/nu mice
infected with a lower dose, 1.3 x 10°, is shown in Fig. 1.
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FIG. 1. Infection of BALB/c nu/+ (A) and nu/nu (W) mice with
10° LVS bacteria i.d. Groups of five BALB/c nu/+ and BALB/c
nu/nu mice were inoculated with 10° bacteria LVS i.d. at the base of
the tail; actual inoculation doses were confirmed by a plate count at
the time of inoculation. Survival was monitored daily for 60 days;
since all nu/+ mice survived through 60 days, results are graphed for
the first 30 days only. This experiment was representative of four
experiments of similar design, all of which had comparable results.

While all nu/+ mice survived i.d. infection at this dose, one
nu/nu mouse died on day 7, and the remaining four mice died
between days 22 and 29. When the LDs, for i.d. infected
nu/nu mice was calculated by considering the mortality rates
through day 10 after i.d. infection, the value (3 x 10°) was
identical to that observed in normal nu/+ mice (Table 1). All
i.d. infected nu/nu mice died by day 42, however, even at the
lowest infection dose tested (7 X 10°). Thus, the LD, for i.d.
infected nu/nu mice calculated by considering mortality rates
at day 60 after infection was less than 7 x 10°.

To examine the fate of bacteria after i.d. inoculation, we
infected BALB/c nu/+ and nu/nu mice with 10* LVS bacte-
ria i.d. Groups of three mice of each strain were sacrificed at
various intervals after i.d. infection, and bacterial burdens in
spleens, livers, lungs, and peritoneums (the major sites of
infection) (13) were determined. Figure 2 illustrates the time
course of systemic bacterial burdens. As observed previ-
ously in other normal mice (13), LVS bacteria spread to the
major organs within 3 days after i.d. infection of nu/+ mice.
The absolute numbers of bacteria in all organs declined
thereafter, and no bacteria were detected in the organs of
nu/+ mice by day 21 after infection (Fig. 2a). Bacteria were
also detected in the major organs of nu/nu mice within 3 days
after infection. The numbers of bacteria in the organs
increased markedly from days 21 through 28 (Fig. 2b), after
which all remaining mice died. Thus, T-cell-deficient mice
survived infection with 10* LVS bacteria i.d. for several
weeks but ultimately could not control systemic bacterial
replication and succumbed to infection.

To directly assess the contribution of T cells to long-term
survival of i.d. LVS infection, we prepared spleen cells (as a
source of T cells) from normal BALB/c nu/+ mice and
infused them i.v. into BALB/c nu/nu recipients. Three days
after cell transfer, mice were inoculated with 10° LVS
bacteria i.d. Normal immunocompetent nu/+ mice survived
this dose of LVS (Table 2), while untreated nu/nu mice given
10° LVS bacteria i.d. died by day 30 after infection (Fig. 1).
All nu/nu mice that received nu/+ spleen cells survived
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FIG. 2. Estimation of bacterial numbers in organs of BALB/c
nu/+ (a) and nu/nu (b) mice after i.d. infection. Groups of BALB/c
nu/+ and nu/nu mice were inoculated with 10* LVS bacteria i.d. at
the base of the tail; actual inoculation doses were confirmed by a
plate count at the time of inoculation. At days 3, 7, 14, 21, and 28
after i.d. infection, three mice from each group were sacrificed, and
organs or fluid from the peritoneum was homogenized and sampled
to determine the number of CFU per organ (see Materials and
Methods). Symbols: B, peritoneum; A, spleen; 4 , lung; @, liver.
Geometric means of the log CFU per organ * 1 standard error are
graphed. This experiment was representative of three experiments
of similar design, all of which had comparable results.

through day 60 after infection. Recipient nu/nu mice were
sacrificed on day 70. Spleen cells were analyzed by flow
cytometry for content of lymphocyte subpopulations, and
organs were examined as described above for the presence
of LVS bacteria. Spleen cells from all reconstituted nu/nu
mice were about 24% CD3*, 16% CD4*, and 8% CD8"; no
systemic bacteria were detected in any organ. These results
strongly suggested that reconstitution of T-cell-deficient
mice with immunocompetent T cells permitted clearance of
bacteria and long-term survival of i.d. LVS infection.

Role of TNF and IFN-y in short-term survival of i.d. F.
tularensis LVS infection by BALB/c nu/nu mice. Previous
studies demonstrated that survival of i.d. LVS infection in
normal mice is dependent on the presence of peripheral TNF
and IFN-y: normal mice treated with either anti-TNF or
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TABLE 2. Reconstitution of athymic nu/nu mice with
normal splenocytes®

. Treatment i.v. No. of
Mice (day 0) deaths/total MTD = SE
nu/nu PBS 5/5 29.2 £ 5.2
10® nu/+ spleen cells 0/5 >60
nu/+ PBS 0/5 >60

2 BALB/c nu/nu or BALB/c nu/+ mice were given i.v. either 108 BALB/c
nu/+ spleen cells or the control diluent (PBS) as indicated. Three days later,
they were inoculated with 10° LVS bacteria i.d. at the base of the tail; actual
inoculation doses were confirmed by a plate count. Survival was monitored
daily for 60 days, and mean time to death (MTD, in days) was calculated
relative to the day of i.d. infection. This experiment was representative of
three experiments of similar design, all of which had comparable results.

anti-IFN-y cannot survive i.d. infection (22). To examine the
role of these two cytokines in the survival of i.d. infection by
athymic nu/nu mice, we treated control BALB/c nu/+ mice
and immunodeficient nu/nu mice with either control hamster
IgG antibody, anti-TNF, or anti-IFN-y and then inoculated
them with 10* LVS bacteria i.d. Normal nu/+ mice treated
with control hamster IgG survived infection with 10* LVS
bacteria i.d. for more than 60 days, but both anti-TNF- and
anti-IFN-y-treated nu/+ mice died from i.d. LVS infection
within about 8 days (Table 3). T-cell-deficient nu/nu mice
treated with control hamster IgG and inoculated with 10*
LVS bacteria i.d. died about 26 days after infection, but both
anti-TNF- and anti-IFN-y-treated mice died from i.d. LVS
infection within 7 to 8 days. Thus, both TNF and IFN-y were
required for initial survival of i.d. LVS infection in nu/nu
mice, and both cytokines could be produced in a T-cell-
independent fashion.

Antibody production in BALB/c nu/nu mice infected i.d.
with LVS. To examine the capacity of athymic nu/nu mice to
produce LVS-specific antibodies that might contribute to
initial survival of infection as well, we inoculated control
BALB/c nu/+ and BALB/c nu/nu mice with 10* LVS bacte-
ria i.d. At various time points thereafter, serum samples
were obtained and assessed for the presence of LVS-specific
antibodies. Endpoint titers of LVS-specific total immuno-
globulin, IgM, IgG2a, and IgG3 are shown as a function of
time after i.d. infection in Fig. 3. LVS-specific IgM antibod-
ies were detected by day 5 after i.d. infection in nu/+ mice;

TABLE 3. Role of IFN-y and TNF in LVS infection
of nu/nu mice®

. Antibody No. of

Mice treatment deaths/total MTD = SE

nu/+ Hamster IgG 0/5 >60
Anti-TNF (TN3) 5/5 8.3 + 0.6
Anti-IFN-y (H22) 5/5 8.3 = 0.6

nu/nu Hamster IgG 5/5 26.4 = 1.6
Anti-TNF (TN3) 5/5 82=+13
Anti-IFN-y (H22) 5/5 7.2 0.6

@ Groups of five BALB/c nu/+ or BALB/c nu/nu mice were treated i.p. with
250 pg of either polyclonal hamster IgG, monoclonal anti-TNF (TN3), or
monoclonal anti-IFN-y (H22) and then inoculated immediately thereafter with
10* LVS bacteria i.d.; actual inoculation doses were confirmed by a plate
count at the time of inoculation. Survival was monitored daily for 60 days, and
mean time to death (MTD, in days) was calculated relative to the day of i.d.
infection. This experiment was representative of three experiments of similar
design, all of which had comparable results.
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FIG. 3. Time course of anti-LVS antibody production after i.d.
infection. Groups of four BALB/c nu/+ and BALB/c nu/nu mice
were prebled and then inoculated with 10* LVS bacteria i.d. at the
base of the tail; actual inoculation doses were confirmed by a plate
count at the time of inoculation. Serum samples from individual
mice were obtained by tail bleeding on days 3, 5, 7, 10, 14, and 21
after infection, and endpoint titers of LVS-specific antibodies were
determined by ELISA using LVS-coated plates (see Materials and
Methods). The antilog of the geometric mean titer is graphed;
standard errors were less than 10% of the mean. (a) BALB/c nu/+
mice. Very little IgG1 or IgG2b LVS-specific antibody was detected
(limit of sensitivity, about 1 to 5 ng/ml for each isotype), and
therefore only results for IgM, IgG2a, and IgG3 are shown. (b)
BALBY/c nu/nu mice. Only LVS-specific antibodies of the IgM and
IgG3 isotypes were detected in sera from nuw/nu mice (limit of
sensitivity, about 1 to 5 ng/ml for each isotype). Mice in this group
died at days 26, 27, 32, and 38 postinfection (30.8 days = 2.8). This
experiment was representative of two experiments of similar design,
both of which had comparable results. Symbols: B, anti-immuno-
globulin; A, anti-IgM; &, anti-IgG2a; @, anti-IgG3.

IgG3 and IgG2a were detected by day 10 and day 14,
respectively. Titers reached a maximum by day 21 and were
maintained thereafter (Fig. 3a). Only small amounts (titers of
1:230 or less) of LVS-specific IgG1 and IgG2b antibodies
were detected. Although LVS-specific IgM antibodies were
likewise detected by day 5 after i.d. infection in BALB/c
nu/nu mice, and small amounts of IgG3 were detected by day
10, titers in nu/nu mice reached a maximum by day 7 and
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FIG. 4. Generation of resistance to i.p. LVS infection after i.d.
priming in BALB/c nu/+ (M) and nu/nu (N) mice. Groups of five
BALB/c nu/+ and nu/nu mice were inoculated with 10° LVS
bacteria i.d. on day 0 and challenged with 10* LVS bacteria i.p. on
days 1, 2, 3, 4, 7, and 14 after i.d. infection; actual inoculation doses
were confirmed by a plate count at the time of inoculation. Control
mice were treated with PBS (diluent) 1 day before challenge with 10*
LVS bacteria i.d. Survival was monitored daily for 60 days; percent
survival through day 10 after each i.p. infection was plotted on the
y axis. All BALB/c nu/+ mice that survived i.p. infection survived
through day 60, when the experiment was terminated. Shown above
each bar is the mean time to death for nu/nu mice, relative to the
initial day of i.d. infection. This experiment was representative of
three experiments of similar design, all of which had comparable
results.

declined thereafter (Fig. 3b). No LVS-specific IgG1, IgG2a,
or IgG2b antibodies were detected in the sera of nu/nu mice.
By day 21, when bacterial numbers in organs were high (Fig.
2b), LVS-specific antibody titers were quite low (Fig. 3b).
Thus, although nu/nu mice produced some T-cell-indepen-
dent, LVS-specific antibodies shortly after i.d. infection,
serum antibody levels were not sustained during the course
of infection.

Generation of protective immunity to LVS in BALB/c nu/nu
mice. Previous studies have demonstrated that sublethal i.d.
or s.c. infection of normal mice with LVS generates sys-
temic protective immunity to subsequent lethal LVS chal-
lenges (11, 13). Surprisingly, this protective immunity is
generated quite rapidly: within 3 days after sublethal i.d.
infection, normal mice are able to survive large lethal doses
of LVS introduced i.p. or i.v. (10). This rapid time course is
not consistent with typical requirements for activation and
function of classical T cells. To test the T-cell involvement of
the generation of immunity to LVS, BALB/c nu/+ and nu/nu
mice were inoculated with 10* LVS bacteria i.d. or with
control PBS. On day 1, 2, 3, 4, 7, or 14 after infection, mice
were challenged with a lethal dose of 10* LVS bacteria (5,000
LDsgs; Table 1) i.p. As shown in Fig. 4, PBS-treated nu/+
and nu/nu mice both died from this i.p. lethal dose, with a
mean time to death of about 6 days. By day 2 after i.d. LVS
inoculation, however, 100% of both nu/+ and nu/nu mice
survived lethal i.p. infection for more than 10 days. Normal
nu/+ mice survived for more than 60 days and cleared
bacteria. nu/nu mice eventually died from LVS infection
between days 21 and 30 (relative to initial i.d. infection).
Thus, the rapid generation of immunity to lethal i.p. infec-
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TABLE 4. Specificity of resistance to lethal infection
in nu/nu mice®

. Sublethal Lethal challenge No. of

Mice 1 riming (day 0) (day 3) deathsftotal  MTD * SE

nu/+  PBSid. 102 LVS i.p. 5/5 9.7 + 1.0°
PBS i.d. 10° W118 i.p. 5/5 5.8 +0.3°
10°LVSid. 102LVS ip. 0/5 >60
10°LVSid. 10> W118 ip. 5/5 17.4 £ 1.2¢

nuimu  10°LVSid. 10°LVS ip. 5/5 26.4 + 1.8
10LVSid. 10> W118 ip. 5/5 132 = 1.3°

2 Groups of five BALB/c nu/nu or BALB/c nu/+ mice were inoculated with
10* LVS bacteria or the control diluent, PBS, i.d. at the base of the tail. Three
days later, they were challenged i.p. with lethal doses (10?) of either LVS or
S. typhimurium W118 bacteria; actual inoculation doses were confirmed by a
plate count at the time of inoculation. Survival was monitored daily for 60
days, and mean time to death (MTD, in days) was calculated relative to the
day of i.p. challenge. This experiment was representative of two experiments
of similar design, both of which had comparable results.

< Each MTD value for primed mice (c) is significantly different from that
for unprimed mice (b) at the level of P of <0.002 by Student’s two-tailed ¢ test
for unpaired values.

tion was indeed T cell independent; unlike normal mice,
however, all nu/nu mice eventually succumbed to LVS
infection.

The specificity of resistance to i.p. infection after i.d.
inoculation was tested by challenging i.d. LVS-inoculated
mice with S. #zyphimurium W118, an unrelated bacterium.
Both normal nu/+ mice (Table 4) and nu/nu mice (data not
shown) succumbed to i.p. infection with 10> LVS bacteria
(50 LDsgs; Table 1) and with 10> W118 bacteria (10 LDsgs)
(30). As described above (Fig. 4), both BALB/c nu/+ and
BALB/c nu/nu mice inoculated with 10* LVS bacteria i.d. on
day 0 and challenged with 10? LVS bacteria i.p. survived for
more than 10 days after i.p. challenge. nu/+ mice survived
for more than 60 days and were considered long-term
survivors, while nu/nu mice died from LVS infection by
about day 26 (Table 4). Neither strain survived lethal chal-
lenge with W118 after i.d. LVS inoculation, although the
mean time to death from Salmonella infection was signifi-
cantly increased (P < 0.002; Table 4) by LVS infection,
relative to uninfected mice (see reference 10). Thus, the
generation of immunity in nu/nu (as well as nu/+) mice that
results from i.d. infection was specific for LVS.

DISCUSSION

F. tularensis LVS is quite virulent for normal mice when
administered by any systemic route (i.p., i.v., or intramus-
cular) (11, 13), causing a lethal disease that is similar to
tularemia in humans. Not surprisingly, LVS was equally
virulent when administered i.p. to athymic nw/nu mice,
which lack functional T cells (Table 1), and i.p. LVS
infection of nu/nu mice caused death in less than a week.
Infection of nu/nu mice with LVS i.d., however, established
a chronic infection that was progressive and eventually
lethal in the face of large systemic bacterial burdens (Fig. 2).
This defect could be corrected by infusion of mature T cells
(Table 2), and thus these results demonstrate that resolution
of i.d. infection in normal mice is dependent on mature T
cells. Unlike simple resolution, however, initial generation
of immunity was T cell independent: i.d. infection of nu/nu
mice rapidly generated substantial specific protective immu-
nity against lethal i.p. challenge (Fig. 4, Table 4). We know
of no other example of this surprising observation.
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Our previous studies have described an interesting dispar-
ity between the LDy, for systemic administration of LVS
and that for skin-related introduction in normal mice: when
LVS is introduced either i.d. or s.c., the murine LDs, is 4 to
6 orders of magnitude higher than the i.p., i.v., or intramus-
cular LDy, (11, 13). Although substantial numbers of bacte-
ria reach the reticuloendothelial organs of i.d. infected mice,
such mice are able to contain bacterial replication and clear
systemic bacteria over a 2- to 3-week period (13, 22) (Fig.
2a). The ability to control i.d. LVS infection has previously
been shown to depend on the rapid production of both TNF
and IFN-y (1, 22). The results presented here indicate that
this cytokine production does not require mature functional
T cells (Table 3). This is similar to the case with infections
with Listeria monocytogenes (4, 9, 41) and S. typhimurium
(26). We do not believe that these results reflect the presence
of small numbers of contaminating mature T cells; all mice
were used at less than 10 weeks of age, when the potential
for T-cell contamination is minimal (19, 21, 23), and repre-
sentative mice from each shipment were found to have no
detectable CD3*, CD4"*, or CD8* T cells in their thymo-
cytes or spleens (see Materials and Methods). Kerati-
nocytes, skin cells capable of cytokine production, may be a
source of TNF (20); natural killer cells, which are abundant
in nu/nu mice, are an obvious source of IFN-y (4, 41).

Clearly, mature T cells are necessary to resolve i.d. LVS
infection, with a time course consistent with the develop-
ment of a conventional T-cell-mediated specific immune
response. As with LVS, studies of S. &yphimurium (17, 18,
24, 25, 29, 42) and L. monocytogenes (4, 7, 12, 27) have
indicated that resistance to infection with these facultative
intracellular bacteria can be divided into an early phase that
is T cell independent and a late phase that is T cell depen-
dent. Thus, CD-1 nu/nu mice infected with 10* S. typhimu-
rium bacteria i.v. had increasing bacterial burdens in their
spleens and livers and died between days 17 and 26 (29).
Similarly, nu/nu mice infected i.v. with a dose of Listeria
bacteria that is sublethal in nu/+ mice exhibited a chronic
infection and died about 6 weeks after infection (12, 27).
Recent studies have further suggested that CD4™ T cells
contribute significantly to the resolution of Salmonella (25),
Listeria (8), and Mycobacterium (31, 32) infections. Since
reconstitution of nu/nu mice with normal T cells permits
survival of i.d. LVS infection (Table 2), selective reconsti-
tution will clarify the relative contribution of T-cell subpop-
ulations to survival of i.d. infection.

nu/nu mice produced IgM anti-LVS antibodies in a T-cell-
independent fashion (Fig. 3). These antibodies could also
contribute significantly to early phase survival of LVS
infection. Serum titers of anti-LVS antibodies in nu/nu mice
peak at about 5 to 7 days after infection but fail to increase
thereafter and decline precipitously between days 14 and 21
after infection. At this time range, nu/nu B cells may lose the
capacity to sustain antibody production or circulating anti-
LVS antibodies may be adsorbed by increasing bacterial
burdens (Fig. 2), or both. Consumption of available antibod-
ies, coupled with lack of further production, may be another
in a cascade of events that results in the death of i.d. infected
nu/nu mice.

As mentioned above, the T-cell requirement for resolution
of i.d. LVS infection was similar to previous observations
for other intracellular bacteria such as Salmonella and
Listeria spp. The mechanism responsible for the resolution
of sublethal infection is separate from that operative during
the generation of immunity against lethal infection. Our
previous studies (13) demonstrated that both immune T cells
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and serum can passively transfer immunity. On the other
hand, other studies using normal mice revealed a very
unusual property of generation of immunity to LVS: within
3 days after sublethal i.d. LVS infection, normal mice
survived a lethal i.p. challenge of over 10,000 LDsqys (10).
This rapid time course was not consistent with the usual time
requirements for activation of classical T cells. Indeed, the
studies reported herein demonstrate directly that T cells are
not required for the rapid generation of immunity (Fig. 4,
Table 4), although T cells certainly participate in immunity
when available (10).

Other studies have noted apparent nonspecific resistance
to an unrelated bacterium after initial bacterial infection. For
instance, normal and nu/nu mice infected with S. typhimu-
rium and challenged with Listeria bacteria 7 days later
exhibit about 1.5-log fewer Listeria bacteria in spleens than
untreated mice did (25, 42). These effects on organ burdens
may have a counterpart in survival, at least in normal mice,
since about 50% of mice infected with avirulent S. typhimu-
rium SL.3235 can survive 10 to 100 LDs,s of Listeria infec-
tion (18). The only demonstrable nonspecific effect we
observed after i.d. LVS priming of normal mice (10) or nu/nu
mice (Table 4), however, was a transient increase in the
mean time to death from Salmonella infection; both were
ultimately unable to survive a Salmonella challenge that was
only about 10 LDs.

Taken together, results with both normal mice (10) and
nu/nu mice (present study) suggest a novel, o/ T-cell-
independent mechanism responsible for the rapid generation
of specific protective immunity to F. tularensis LVS. Since
the only known cell types present in nu/nu mice with the
potential for specific antigen recognition are y/d T cells,
these are obvious candidates for further study. Because
dendritic epithelial T cells (3, 16, 38) in nu/nu mice lack
functional T-cell receptors (28), it seems unlikely that these
cells play a major role in the rapid generation of specific
immunity. Intestinal intraepithelial lymphocytes, which are
v/3* (14, 15), abundant in nu/nu mice (5), and have a diverse
repertoire of T-cell-receptor expression (2), are intriguing
candidates for participation, but the relationship between
intestinal intraepithelial lymphocytes and events initiated in
the skin is certainly not obvious. Alternatively, new cell
types with the capacity for specific antigen recognition may
be revealed through further study of the LVS model.
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